Introduction {#s1}
============

Metagenomic studies of environmental samples have uncovered a great diversity of viruses that have a pervasive presence in the biosphere ([@bib75]; [@bib74]; [@bib16]). This diversity is especially overwhelming in RNA viruses that infect animal hosts ([@bib60]; [@bib9]). As strict cellular parasites, viruses rely on capturing cellular ribosomes to gain access to the host machinery for protein production ([@bib31]). In eukaryotes, especially in animals, this machinery is complex and sophisticated, involving large, multi-component protein factors that assist in the operation of eukaryotic ribosomes ([@bib21]). Although complex, translation in eukaryotes conserves four main phases that are also found in its prokaryotic counterparts, namely: initiation, elongation, termination and recycling ([@bib57]). Initiation is significantly expanded in eukaryotes, with two GTP-regulated steps required for the correct positioning of the first aminoacyl-tRNA responsible for setting up the correct reading frame on the messenger RNA (mRNA) ([@bib29]; [@bib2]; [@bib43]; [@bib24]).

Eukaryotic initiation starts when the 40S subunit together with the initiation factors eIF1, eIF1A, eIF3, eIF5 and the [T]{.ul}ernary [C]{.ul}omplex (TC) (eIF2--Met-tRNA~i~^Met^--GTP) form the 43S [P]{.ul}re-[I]{.ul}nitiation [C]{.ul}omplex (43S-PIC), which is competent for mRNA recruitment ([@bib29]). Eukaryotic mRNAs are then docked to the 43S-PIC at their 5\' ends, forming the 48S complex ([@bib25]). Once the AUG codon is detected, a structural transition in the 48S from an open, scanning-competent conformation to a closed, scanning-arrested conformation occurs ([@bib26]). This conformational change is accompanied by the release of eIF1, eIF2 and GDP, leaving the Met-tRNA~i~^Met^ at the P-site of the 40S base paired with the AUG codon ([@bib2]). A second GTP-regulated step, catalyzed by initiation factor eIF5B, is then required for the recruitment of the large (60S) ribosomal subunit ([@bib45]; [@bib38]). A full (80S) ribosome primed with mRNA and Met-tRNA~i~^Met^ at the P-site then transitions to the elongation phase ([@bib66]; [@bib65]).

The pathway described above is called the canonical, 5\'-end and cap-dependent translation route of initiation ([@bib24]). The bulk of eukaryotic mRNAs transitions follow this route, but deviations from the canonical route are common, and normally associated with translation under stress conditions ([@bib62]; [@bib59]). Non-canonical initiation is also associated with extended [5\' U]{.ul}n[T]{.ul}ranslated [R]{.ul}egions (5\'-UTRs) on mRNAs ([@bib58]; [@bib72]). In complex eukaryotes, 5\'-UTRs can be very long and can harbor short [O]{.ul}pen [R]{.ul}eading [F]{.ul}rames (ORFs) designated as upstream ORFs (uORFs) ([@bib72]; [@bib67]). Well-studied examples of the functional relevance of uORFs at 5\'-UTRs can be found in the yeast stress response regulator GCN4 or the mammalian transcription factor ATF4 ([@bib23]; [@bib64]). uAUG codons that are immediately followed by a stop codon (designated as 'start-stop uORFs') are also found in the 5\'-UTRs of mammalian mRNAs ([@bib67]; [@bib18]), but little is known about how these 'start-stop uORFs' regulate translation.

Viruses exploit the complexity of eukaryotic initiation to gain access to the host machinery for protein production ([@bib28]). Strategies such as mimicking the cap structure or transferring caps from cellular mRNAs ('cap-snatching') allow viral mRNAs to hijack host ribosomes, redirecting them towards the production of viral proteins ([@bib31]; [@bib28]). A more prominent viral strategy for ribosome hijacking is the use of structured RNA sequences in viral mRNAs ([@bib70]). These sequences are called [I]{.ul}nternal [R]{.ul}ibosomal [E]{.ul}ntry [S]{.ul}ites (IRES), and a tentative classification based on their degree of RNA structure and dependency on canonical initiation factors divided them in four main types ([@bib12]; [@bib32]).

The *Dicistroviridae* family of positive single-stranded RNA ((+)-ssRNA) viruses employs two types of IRESs to express the regulatory versus the structural genes differentially ([@bib44]). The genome architecture of these viruses functionally segregates both kinds of genes in two ORFs ([Figure 1A](#fig1){ref-type="fig"}; [@bib22]). The first ORF is preceded by an approximately 700-nucleotide 5\'-UTR, which harbors an IRES assigned to the type III family ([@bib17]). In vitro characterization of the 5\'-UTR-IRES of the [Cr]{.ul}icket [P]{.ul}aralysis [V]{.ul}irus (CrPV), a prototypical *Dicistrovirus,* narrowed down the region of the 5\'-UTR responsible for the IRES activity and established the strict requirement of eIF3 for this IRES to initiate translation. Interestingly, the AUG codon of the CrPV ORF1 is immediately preceded by a 'start-stop uORF' ([@bib17]).

![*Dicistroviridae* genome organization, in vitro complex formation and cryo-EM maps.\
(**A**) Top, schematic representation of the genome organization of *Dicistroviruses*. The approximate genomic lengths of the different components are indicated by the arrows. Bottom, detailed view of the region described as harboring the IRES activity of the 5\'-UTR of the CrPV. On the right, the sequence adjacent to the initiation AUG codon of ORF1, located at nucleotide 709 and preceded by a 'start-stop uORF' indicated in red. (**B**) Sucrose-gradient analysis showed that the 5\'-UTR-IRES is dependent on eIF3 in order to form a stable complex with the 40S. 5\'-UTR-IRES co-migrates with the 40S only in the presence of eIF3 (top). By contrast, HCV IRES does not require eIF3 for 40S binding (bottom). (**C**) Representative cryo-EM micrograph of the 40S--5\'-UTR-IRES--eIF3 complex. Bottom, representative reference-free 2D class averages used for further image processing. (**D**, **E**) After 3D classifications, two classes showing density for 40S (yellow), eIF3 (red) and 5\'-UTR-IRES (blue) could be identified in the dataset. Class-1 (**D**) presents a non-swiveled configuration of the 40S head and the density for eIF3d is absent. Class-2 (**E**) shows a swiveled configuration of the 40S head (arrows) with eIF3d (indicated) contacting eIF3\'s core subunits.](elife-54575-fig1){#fig1}

We sought to characterize the structure of the 5\'-UTR-IRES of the CrPV in its ribosome-bound configuration, to gain insights relating to the ribosome-binding determinants of this peculiar IRES, and to understand how the delivery of Met-tRNA~i~^Met^ is accomplished. Two high-resolution cryo-EM reconstructions of 40S--5\'-UTR-IRES--eIF3 complexes, combined with biochemical analysis, allowed us to characterize how this IRES uses an extended structure with a modular, multi-domain architecture to bind to and manipulate the 40S.

Results {#s2}
=======

The 5\'-UTR-IRES of the CrPV requires eIF3 for a stable interaction with the 40S {#s2-1}
--------------------------------------------------------------------------------

Previous studies of the IRES located at the 5\'-UTR of the CrPV (hereafter referred to as 5\'-UTR-IRES) precisely defined the region of the 5\'-UTR that is responsible for the IRES activity (residues 357 to 709), as well as its dependency on initiation factor eIF3 for efficient translation initiation ([@bib17]). In contrast to the well-characterized type IV family of IRESs found in the [I]{.ul}nter[G]{.ul}enic [R]{.ul}egion (IGR-IRES) of these viruses, the 5\'-UTRs of *Dicistroviruses* seem to harbor divergent sequences, making structural modelling based on sequence conservation difficult ([@bib34]). In order to address this gap in knowledge, we produced a truncated version of the 5\'-UTR region of the genomic RNA of the CrPV that contains the IRES (residues 357 to 728, [Figure 1A](#fig1){ref-type="fig"}) in order to obtain structural information about its 40S-bound conformation by electron cryo-microscopy (cryo-EM). We initially tested the in vitro dependency of 5\'-UTR-IRES on eIF3 when engaging purified 40S ribosomal subunits in a stable interaction. We assayed the ability of the 5\'-UTR-IRES to co-migrate with purified 40S in sucrose density gradients as a test for the presence of a stable complex that is suitable for structural studies ([Figure 1B](#fig1){ref-type="fig"}). Unexpectedly, the 5\'-UTR-IRES does not form a stable complex with the 40S in the absence of eIF3, in contrast to the HCV-IRES, which is able to form stable complexes with the 40S subunit alone and even with full (80S) ribosomes ([Figure 1B](#fig1){ref-type="fig"}; [@bib71]). Sucrose density gradients were manually fractionated from the bottom, where density is heavier. This caused small variations in the position of the 5\'-UTR-IRES at the top of the gradients among different experiments. We do not believe such shifts have functional implications.

In the presence of eIF3, however, the 5\'-UTR-IRES co-migrates with purified 40S subunits ([Figure 1B](#fig1){ref-type="fig"}). This complex revealed clear particles in cryo-EM images, rendering detailed two-dimensional class averages in which density for eIF3 could be identified, albeit at lower threshold ([Figure 1C](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). The 40S--5\'-UTR-IRES--eIF3 complex exhibited a delicate behavior under cryo-EM conditions, with a strong tendency to disassemble in thin ice. Extensive screening for suitable ice areas was essential to obtain particles of the fully assembled complex ([Figure 1C](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). The sample also exhibited a high degree of heterogeneity, which could be resolved by image processing in Relion ([@bib55]; [@bib56]; [Figure 1D,E](#fig1){ref-type="fig"} and [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}).

Two main classes of particles containing density for 5\'-UTR-IRES, 40S and eIF3 were found in the dataset ([Figure 1D and E](#fig1){ref-type="fig"}). Both classes contain density for the 40S, the IRES and the core subunits of eIF3 (a/c/e/k/l/f/m), and class-2 also presents density for eIF3 subunit d ([Figure 1E](#fig1){ref-type="fig"}, eIF3d). Class-2 exhibits a 40S head in a swiveled configuration. Owing to this swiveled configuration of the 40S head, eIF3d establishes interactions with eIF3a, a core subunit of eIF3 (see below).

Robust density ascribable to the 5\'-UTR-IRES could be found in both classes of complex ([Figure 1D and E](#fig1){ref-type="fig"}, blue). The ribosome-bound conformation of 5\'-UTR-IRES shows an extended configuration, almost circling the 40S head ([Figure 2A](#fig2){ref-type="fig"} and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Three domains connected by flexible linkers could be defined: an elongated domain I (DI) at the back of the 40S head contacting ribosomal proteins uS3 and RACK1 ([Figure 2](#fig2){ref-type="fig"}), a second domain (DII) formed by a dual hairpin at the back of the 40S body interacting with eIF3 ([Figure 3](#fig3){ref-type="fig"}), and a third, large helical domain (DIII) placed at the periphery of the 40S E-site, contacting ribosomal proteins uS7 and uS11 ([Figure 4](#fig4){ref-type="fig"}).

![The 5\'-UTR-IRES domain I engages ribosomal proteins RACK1 and uS3.\
(**A**) Overview of the 40S--5\'-UTR-IRES--eIF3 map, with 40S and eIF3 depicted gray and 5\'-UTR-IRES in blue. (**B**) Detailed view of the cryo-EM density of the 40S--5\'-UTR-IRES--eIF3 map centered around 5\'-UTR-IRES domain I (DI). Ribosomal proteins are colored brown, 18S rRNA yellow and 5\'-UTR-IRES blue. Contacts between 5\'-UTR-IRES domain I and ribosomal proteins RACK1 (**C**) and uS3 (**D**) could be defined thanks to well-resolved local cryo-EM densities.](elife-54575-fig2){#fig2}

![The 5\'-UTR-IRES domain II is formed by a dual hairpin that mediates eIF3 recruitment.\
(**A**) Overview of the 40S--5\'-UTR-IRES--eIF3 cryo-EM map with 40S colored gray, eIF3 red and 5\'-UTR-IRES blue. On the right, a zoomed view centers around 5\'-UTR-IRES domain II. (**B**) Detailed view of the cryo-EM map for the region occupied by 5\'-UTR-IRES domain II, with 40S components colored gold, eIF3 red and 5\'-UTR-IRES blue. Domain II is sandwiched between ribosomal protein uS17 (located at the back of the 40S body) and eIF3 core subunits a and c. (**C**) 5\'-UTR-IRES domain II is formed by a dual hairpin that establishes interactions with α-helices 8 and 10 from eIF3a. These contacts are mediated mainly by basic residues of eIF3 and the phosphate backbone of the IRES. (**D**) superposition of the 40S--5\'-UTR-IRES--eIF3 complex with the canonical 48S complex (left, PDB ID 6FEC) and with the CSFV-IRES--40S complex (right, PDB ID 4c4q). The 5\'-UTR-IRES binds to the 40S with a conformation that is compatible with the canonical position described for eIF3 in the 48S complex.](elife-54575-fig3){#fig3}

![Non-canonical base pairing in 5\'-UTR-IRES domain III assists on P-site access.\
**A**) Overview of the 40S--5\'-UTR-IRES--eIF3 cryo-EM map with 40S and eIF3 colored gray and 5\'-UTR-IRES blue. On the right, a detailed view of the E-site, where 5\'-UTR-IRES domain III is placed, shows the cryo-EM map with the 5\'-UTR-IRES colored blue and 40S components brown. On the far right, the final refined model is colored following the same color scheme. Ribosomal proteins uS7 and uS11 as well as several 18S rRNA bases contact 5\'-UTR-IRES domain III. (**B**) Non-canonical base pairs found in 5\'-UTR-IRES domain III induce a distortion of the double helix near the E-site. At the top, two examples are shown with the refined model inserted in the experimental cryo-EM density. The corresponding chemical diagrams below show the base edges and the hydrogen bonds involved in interactions. (**C**) Superpositions of the canonical 48S complex (PDB ID 6FEC, top) with the HCV-IRES/40S complex (PDB ID 5A2Q, bottom) and the 40S/5\'-UTR-IRES/eIF3 (middle) models, focused on the tRNA A, P and E binding sites. 5\'-UTR-IRES domain III and HCV-IRES occupies a space on the E-site that overlaps with the position described for eIF2 in the canonical 48S complex. In the middle, the last residue of 5\'-UTR-IRES is indicated (C695), as is the putative path along the mRNA binding channel followed by the IRES (dashed line).](elife-54575-fig4){#fig4}

Domain I of the 5\'-UTR-IRES contacts the ribosomal proteins RACK1 and uS3 {#s2-2}
--------------------------------------------------------------------------

The 5\' proximal segment of the 5\'-UTR-IRES (residues 357 to 486) forms domain I, which is characterized by an elongated T-shaped structure anchored to the back of the 40S head ([Figure 2A and B](#fig2){ref-type="fig"}). A long helical segment in this domain 'wraps' around the apical part of ribosomal protein RACK1. Two bases of this helical segment of domain I, C442 and C444, are extruded from the body of the double helix to establish hydrophobic interactions with tyrosine residue 140 of RACK1 ([Figure 2C](#fig2){ref-type="fig"}). These interactions bend the main helical segment of the 5\'-UTR-IRES DI, directing the tip of this domain towards ribosomal protein uS3 ([Figure 2D](#fig2){ref-type="fig"}). Guanine residue 395 is inserted deep into a hydrophobic pocket of ribosomal protein uS3, establishing contacts with main-chain atoms of this ribosomal protein. In this location, 5\'-UTR-IRES DI is found adjacent to the mRNA entry channel of the 40S, overlapping with the space previously described as being occupied by the helicase DHX29 involved in canonical initiation ([Figure 2D](#fig2){ref-type="fig"}; [@bib19]).

5\'-UTR-IRES binding to the 40S is compatible with a canonical configuration of eIF3 {#s2-3}
------------------------------------------------------------------------------------

The second domain of 5\'-UTR-IRES (DII) is connected to domain I by a flexible linker that is poorly defined in our maps as it is exposed to the solvent. This second domain of the 5\'-UTR-IRES is formed by a dual hairpin and is wedged between the back of the body of the 40S and eIF3 subunits a and c ([Figure 3A and B](#fig3){ref-type="fig"}). Ribosomal protein uS17 peripherally contacts this domain, establishing interactions with the phosphate backbone of the IRES ([Figure 3B](#fig3){ref-type="fig"}). A network of interactions involving eIF3 subunits a, c and h anchors DII to this position ([Figure 3C](#fig3){ref-type="fig"}). These interactions are also established through contacts between positively charged residues on eIF3 and the phosphate backbone of the IRES. No contacts with specific IRES bases could be observed.

Currently, medium-resolution cryo-EM reconstructions for 40S complexes containing eIF3 and the rest of the components of the canonical 48S complex are available ([@bib10]) (PDB ID 6FEC), as are such reconstructions for the 40S in complex with eIF3 and the CSFV-IRES ([@bib20]) (PDB ID 4c4q). Comparisons of these structures with our complex reveal a positioning of eIF3 relative to the 40S that is very similar to the canonical 48S complex and different from the position adopted by eIF3 in the CSFV-IRES--40S complex ([Figure 3D](#fig3){ref-type="fig"}). In the 48S canonical configuration, eIF3 contacts the 40S through helix 1 of eIF3a and helix 22 of eIF3c, as well as through eIF3d, which is isolated in its 40S interaction, away from the core subunits of eIF3 ([Figure 3D](#fig3){ref-type="fig"}, left). The CSFV-IRES engages the 40S, displacing eIF3 from its position in the canonical 48S ([Figure 3D](#fig3){ref-type="fig"}, right). In addition, in the canonical 48S complex, eIF3 interacts with the 40S peripherally, allowing the formation of cavities between eIF3 and the back of the 40S. These cavities are exploited by the 5\'-UTR-IRES, which inserts its domain II into one of them, adopting a configuration that is compatible with the binding of eIF3 to the 40S in the canonical 48S complex ([Figure 3D](#fig3){ref-type="fig"}, middle). No major rearrangement of eIF3 (compared to its position in the canonical 48S complex) is required for the binding of the 5\'-UTR-IRES, so there could be an advantage in hijacking preformed cellular 48S complexes that are ready to transit the cap-dependent route of initiation.

Non-canonical base pairing in the 5\'-UTR-IRES DIII places the uAUG codon near the P-site {#s2-4}
-----------------------------------------------------------------------------------------

Threading through the 40S channel formed by ribosomal proteins uS7 and uS11, a flexible single stranded linker connects DII with DIII ([Figure 4A](#fig4){ref-type="fig"}). DIII forms a prominent, helical mass in the surroundings of the E-site of the small subunit at the inter-subunit face of the 40S. The helical segment is very well defined in our maps because it is stabilized by numerous contacts with ribosomal proteins uS7 and uS11 and with 18S ribosomal RNA (rRNA) bases ([Figure 4](#fig4){ref-type="fig"} and [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). However, the distal part of this domain forms two short stem loops that, given their flexibility, could only be modelled at low resolution.

Inspection of the cryo-EM density reveled a distortion in the canonical double helix of the main segment of this domain as it approaches the E-site. The quality of the maps in this area allowed de novo modelling of these residues, revealing a set of non-canonical interactions between the RNA bases ([Figure 4A and B](#fig4){ref-type="fig"}). In-plane triple-base interactions involving sugar and the Hoogsteen edges of the bases, as well as purine--purine Hoogsteen base pairs, could be found in this stretch of residues of the helical segment of DIII ([Figure 4B](#fig4){ref-type="fig"}; [@bib40]). Overall, these non-canonical base pairs induce a distortion at the base of DIII that helps to position the single-stranded segment of the 5\'-UTR-IRES harboring the uAUG codon at position 701 in the mRNA-binding channel of the 40S ([Figure 4C](#fig4){ref-type="fig"}, middle). The 5\'-UTR-IRES accesses the 40 S P-site through the E-site, blocking a concurrent recruitment of the TC (eIF2--Met-tRNA~i~^Met^--GTP, [Figure 4C](#fig4){ref-type="fig"}). Interestingly, a similar strategy is followed by the HCV-IRES. A superposition of the structure of the HCV-IRES in complex with the 40S ([@bib69]; [@bib51]) (PDB ID 5A2Q) with our structure reveals a very similar positioning of the domain II of HCV-IRES, accessing the P-site through the E-site to position the AUG codon in the surroundings of the P-site ([Figure 4C](#fig4){ref-type="fig"}, bottom). Even though both IRESs differ markedly in their interaction with the back of the 40S and eIF3, both converge to similar structural solutions for the placement of the AUG initial codon close to the 40 S P-site.

Swiveling of the 40S head locks the 5\'-UTR-IRES, inducing a compact conformation of eIF3 {#s2-5}
-----------------------------------------------------------------------------------------

Initial processing of the cryo-EM data revealed flexibility of the 40S head. Masked classification and refinement in Relion3 ([@bib77]) revealed two major populations of particles, which differ in the degrees of 40S head swiveling ([Figure 1](#fig1){ref-type="fig"}). The 40S head is attached to the body by a single RNA helix, making this component of the ribosome extremely flexible ([@bib32]). Intrinsic and independent movements of the 40S head are instrumental in tRNA translocation and also in canonical initiation ([@bib52]; [@bib13]). The 5\'-UTR-IRES seems to exploit this intrinsic dynamic to bind to the 40S and then to 'lock' the IRES in a specific conformation that commits the complex towards viral translation ([Figure 5](#fig5){ref-type="fig"}). In class-1 (open conformation), the head of the 40S shows an almost canonical configuration with very little swiveling and no tilt. In this conformation, the latch of the 40S (an early defined contact between the head and the body of the 40S \[[@bib14]\]) is closed. At the other side of the 40S head, access to the channel formed by ribosomal proteins uS7 and uS11 is exposed and eIF3d density is not well defined, probably because of a high degree of flexibility or low occupancy ([Figure 5A](#fig5){ref-type="fig"}, left). In class-2 (closed conformation), the head of the 40S exhibits a medium-range degree of swiveling when compared to the widest displacement reported ([@bib52]).

![A 40S head swiveling movement 'locks' 5\'-UTR-IRES on the 40S, inducing a compact eIF3 configuration.\
(**A**) Cryo-EM maps obtained for the two classes present in the 40S--5\'-UTR-IRES--eIF3 dataset with 40S colored gold, eIF3 red and 5\'-UTR-IRES blue. The positions of the latch, eIF3d and the swiveling rotation axis are indicated. A 40S head swiveling movement in class-2 brings eIF3d closer to the core subunit of eIF3 (i.e. eIF3a), establishing interactions that stabilize its conformation. (**B**) Left, ribbon diagram colored according to pairwise [r]{.ul}oot [m]{.ul}ean [s]{.ul}quare [d]{.ul}eviation (r.m.s.d.) displacements for the open-to-closed transition, with displacements scale at the center. On the right, a simplified diagram shows only the 18S rRNA colored according to the used on the left. Two orthogonal views are shown, in which it can be appreciated that the main displacement is localized at the 40S head. (**C**) Overview of the closed class with 40S colored gray, eIF3 red and 5\'-UTR-IRES blue. Inset, detail of the experimental density obtained for the eIF3a--eIF3d interface for this class. Clear information on side chains was present in the maps, allowing proper model building and refinement.](elife-54575-fig5){#fig5}

In the open and closed classes, the positions of the 5\'-UTR-IRES relative to the 40S head are very similar ([Figure 5A](#fig5){ref-type="fig"}, right and B). In the swiveled conformation, the latch is open, and the channel formed by ribosomal proteins uS7 and uS11 is plugged by eIF3d, which in this class presents robust density ([Figure 5C](#fig5){ref-type="fig"}). The main subunits of eIF3 (a/c/e/k/l/f/m) show a similar conformation in both classes, having a similar orientation with respect to the 40S body ([Figure 5B](#fig5){ref-type="fig"}). In the swiveled configuration (class-2), the 40S head brings eIF3d close to eIF3a, one of the core subunits of eIF3 ([Figure 5C](#fig5){ref-type="fig"}). Well-defined density in this area could be observed for the eIF3a--eIF3d interface ([Figure 5C](#fig5){ref-type="fig"}, right). This compact state of eIF3 represent a hitherto unknown conformation ([@bib39]).

TC delivers Met-tRNA~i~^Met^ to uAUG at position 701, and initiation factors eIF1 and eIF1A assist in AUG location {#s2-6}
------------------------------------------------------------------------------------------------------------------

Our structures of the 40S--5\'-UTR-IRES--eIF3 complex revealed a positioning of the DIII of the IRES that overlaps with the position that the TC populates at the E-site in canonical initiation ([Figure 4C](#fig4){ref-type="fig"}; [@bib26]; [@bib10]). In addition, in our maps, we could only confidently identify density for the single-stranded segment of RNA of the IRES placed close to the P-site until residue 695, whereas the canonical AUG of ORF1 is found at nucleotide 709. These facts prompted us to wonder how the delivery of Met-tRNA~i~^Met^ to the AUG is accomplished. Making use of an in vitro reconstituted mammalian initiation assay with native components and toe-printing analysis ([@bib35]), we analyzed the different steps followed by the 5\'-UTR-IRES in order to place Met-tRNA~i~^Met^ based paired with the AUG codon at the P-site ([Figure 6A](#fig6){ref-type="fig"}). Translation initiation factors in mammals and insects are highly homologous. In particular, eIF2-alpha shares 57% identity and 74% similarity between human and *Drosophila*, eIF2-beta 74% identity and 83% similarity, eIF2-gamma 82% identity and 88% similarity, eIF5B 71% identity and 85% similarity, eIF3a 46% identity and 63% similarity, and eIF3c 51% identity and 66% similarity. This high level of homology justifies the utilization of mammalian initiation factors for CrPV analysis, as has been done before for the CrPV IGR-IRES.

![The 5\'-UTR-IRES requires TC, eIF1 or eIF1A to assemble a functional initiation complex via an uAUG intermediate.\
(**A**) Toe-print analysis of 48S initiation complexes assembled on 5\'-UTR-IRES in an in vitro reconstituted system. eIF2 delivers Met-tRNA~i~^Met^ to the uAUG (lane 2) and requires the presence of eIF1 or eIF1A to transition to the *bona fide* AUG codon of ORF1 (lane 3). Under some conditions, eIF5B can substitute for eIF2 in Met-tRNA~i~^Met^ delivery ([@bib63]). In the absence of eIF1 or eIF1A, a robust toe-print signal is detected in the presence of eIF5B (lane 4), however, Met-tRNA~i~^Met^ is delivered to the uAUG, and thus eIF5B is unable to find the annotated AUG even in the presence of eIF1 or eIF1A (lane 5). (**B**) A model for 5\'-UTR-IRES-mediated translation initiation. From the bottom right: injection of the genomic (+)-ssRNA of the CrPV into the cytosol allows the 5\'-UTR-IRES to capture free 40S and eIF3, which is recruited to the complex with an initial canonical conformation of the 40S head without tilt or swivel. Insertion of 5\'-UTR-IRES DIII in the vicinity of the E-site and a swiveling movement of the 40S head induces a 'locked' conformation of the complex, with the uAUG at 701 in the vicinity of the P-site. Delivery of Met-tRNA~i~^Met^ and location of ORF1 AUG is achieved by the concerted action of eIF2, eIF1 and eIF1A. Large subunit recruitment mediated by eIF5B will allow transitioning into elongation.](elife-54575-fig6){#fig6}

Toe-print assay permits identification of the location of functional ribosomal complexes assembled on mRNAs by reverse transcription of a primer annealed to the mRNA. The length of the resulting extended DNA fragment provides information about the position of the ribosome on the mRNA. Due to its large size, the paused ribosome protects a segment of the mRNA, precluding further primer extension and generating toe-print signals approximately 15--17 nucleotides downstream of the P-site of 40S. Cognate aminoacyl or peptidyl-tRNAs in the P-site or post-termination complexes with eRF1 in the A-site yield robust toe-print signals ([@bib61]). The 40S--5\'-UTR-IRES--eIF3 complex produces signal that is ascribable to the secondary structure of the 5\'-UTR-IRES ([Figure 6---figure supplement 1](#fig6s1){ref-type="fig"}, lanes 1--3), indicating no measurable pausing of the ribosome on the mRNA around any of the AUG codons. In isolation, the TC (eIF2--Met-tRNA~i~^Met--^GTP) is able to load Met-tRNA~i~^Met^ onto the P-site of the 40S--5\'-UTR-IRES--eIF3 complex, producing a robust toe-print ([Figure 6A](#fig6){ref-type="fig"}, lane 2, label 48S--uAUG) 15--17 nucleotides away from the uAUG located at 701. A similar uAUG delivery of Met-tRNA~i~^Met^ can be accomplished by eIF5B which, under stress conditions, has been described as substituting for eIF2 in Met-tRNA~i~^Met^ delivery ([@bib63]; [@bib46]; [@bib68]; [@bib33]), with eukaryotic initiation then following a 'bacterial-like' mode ([Figure 6A](#fig6){ref-type="fig"}, lane 4). Transitioning to the correct AUG could only be detected in the presence of eIF1and eIF1A, and only when the TC was present, and not for eIF5B ([Figure 6A](#fig6){ref-type="fig"}, lanes 3 and 5). Notably, the presence of eIF1and eIF1A seems to be detrimental to uAUG Met-tRNA~i~^Met^ loading by eIF5B, as their presence significantly reduces the toe-print signal that can be observed for eIF5B in isolation. However, no concomitant increase in toe-print signal for the canonical AUG could be observed for the eIF1/eIF1A/eIF5B reaction.

Only eIF2 as part of the TC and assisted by eIF1 and eIF1A can properly locate the *bona fide* AUG of ORF1. The role of the uAUG located at nucleotide 701 is not clear, but the fact that eIF5B can deliver Met-tRNA~i~^Met^ only to this codon points towards an important role for this uAUG in initiation when eIF2 is unavailable.

Discussion {#s3}
==========

Ribosome-profiling datasets have revealed the presence of translating ribosomes paused on 5\'-UTRs, implying a decisive role of these sequences in regulating translation, especially under stress conditions ([@bib58]; [@bib5]; [@bib4]; [@bib27]; [@bib6]; [@bib53]).

The 5\'-UTR of the (+)-ssRNA of the *Dicistovirus* CrPV harbors an IRES that is able to direct initiation towards ORF1 in the early phase of infection ([@bib22]; [@bib15]). Expression of ORF1 is instrumental for virus replication because the RNA-dependent RNA polymerase (RdRp), and the protease responsible for the proteolytic digestion of the polyprotein containing the structural proteins, are encoded in ORF1 ([@bib30]).

The 5\'-UTR-IRES features a novel multi-domain, extended architecture that encircles three quarters of the 40S head, exploiting binding sites not previously described for any IRESs ([Figures 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Ribosomal proteins uS3 and RACK1 are used by the IRES to anchor its DI to the back of the 40S head ([Figure 2](#fig2){ref-type="fig"}). The structure thus rationalizes previous data showing a preeminent role of RACK1 in CrPV and related viruses that infect *Drosophila* ([@bib41]). The interaction of DI with RACK1 is also instrumental in positioning DII at the back of the 40S body, sandwiched in between ribosomal protein uS17 and eIF3 ([Figure 3](#fig3){ref-type="fig"}). Interestingly and in contrast with the HCV-IRES, the conformation observed for eIF3 in the complex with 5\'-UTR-IRES is very similar to that observed for eIF3 in the 48S complex, with the IRES 'filling up' cavities that are present between the 40S and eIF3 in this canonical complex ([@bib10]). The HCV-IRES and related IRESs, such as the CSFV-IRES, displace eIF3 from its canonical location using a very different mechanism for IRES docking to the 40S ([@bib20]).

In order to place the AUG of ORF1 in the surroundings of the P-site, the 5\'-UTR-IRES accesses the P-site through the E-site, in a manner similar to that of the HCV-IRES ([Figure 4C](#fig4){ref-type="fig"}; [@bib69]). In this aspect, the 5\'-UTR-IRES recapitulates binding strategies that are known for other IRESs, such as the IGR-CrPV-IRES that also makes use of ribosomal protein uS7 for its binding to the ribosome or the HCV-IRES that places its domains II and IV in the surroundings of the P-site, sliding the elongated DII from the back of the 40S to the P-site through the E-site ([@bib50]).

The placement of the AUG of ORF1 in the surroundings of the P-site seems to be exerted by a mechanism involving the intrinsic dynamics of the 40S head ([@bib32]; [Figure 5](#fig5){ref-type="fig"}). The 5\'-UTR-IRES exploits the characteristic swiveling movement of the 40S head to bind and progress towards a conformation that 'locks' the IRES onto the 40S, and at the same time, induces a compact conformation of eIF3 that has subunit eIF3d in close contact with the core subunits of eIF3 ([@bib39]). These dynamics are probably instrumental for the ability of the 5\'-UTR-IRES--40S complex to localize the annotated AUG, in a genomic context where a uAUG-stop is physically close. The capacity of the 40S to scan an mRNA bidirectionally upon termination on a stop codon has been previously reported ([@bib61]). It is thus plausible that the peculiar genetic configuration of the CrPV around the annotated AUG of ORF1 ([Figure 1A](#fig1){ref-type="fig"}) evolved to leverage these re-initiation mechanisms already present in the translation of cellular messengers. However, these considerations are highly speculative, as the particular role that the uAUG exerts in Met-tRNA-~i~^Met^ recruitment, or more generally its involvement in initiation of viral messengers, remains enigmatic. A comprehensive understanding of the role of uAUG and the start-stop configuration will demand further studies, ideally in vivo.

We propose the following model for how the 5\'-UTR-IRES of the CrPV operates: immediately after the (+)-ssRNA genomic molecule of the CrPV is injected into the cytoplasm of the host cell, the IRES harbored at the 5\'-UTR captures 40S subunits ([Figure 6B](#fig6){ref-type="fig"}, bottom). Recruitment of eIF3 is mediated by DII, allowing the sliding of the flexible linker connecting DII and DIII between the head and the platform of the 40S to place DIII in the surroundings of the E-site ([Figure 6B](#fig6){ref-type="fig"}, bottom and left). A swivel movement of the 40S head closes the channel between the head and the platform of the 40S, effectively 'locking' the 5\'-UTR-IRES into the 40S and inducing a compact conformation of eIF3 with the eIF3d subunit in interacting distance with eIF3\'s core subunit a ([Figure 6B](#fig6){ref-type="fig"}, left top). With this configuration, eIF2 as part of the TC can deliver Met-tRNA~i~^Met^ to the uAUG located at nucleotide 701, and further assistance by initiation factors eIF1 and eIF1A allows for a downstream location of the AUG codon of ORF1 at nucleotide 709. Large subunit recruitment grants transitioning towards elongation, committing the ribosome to the production of viral proteins ([Figure 6B](#fig6){ref-type="fig"}, right top).

In summary, we have structurally characterized the 5\'-UTR-IRES of the CrPV in its ribosome-bound state and have characterized the delivery of Met-tRNA~i~^Met^ by eIF2 and eIF5B. Given the rich diversity of viral sequences in the animal virome, new IRESs exploiting different aspects of animal translation will probably be discovered.

Materials and methods {#s4}
=====================

5\'-UTR-IRES and HCV IRES production {#s4-1}
------------------------------------

For cryo-EM analysis, a transcription vector for 5\'-UTR-IRES (nucleotides 357--728) was constructed by inserting a T7 promoter sequence upstream of the 5\'-UTR-IRES sequence followed by a BamHI restriction site, using pUC19 as a scaffold vector. For toe-print assays, 5\'-UTR-IRES with the extended ORF part for primer annealing was cloned by a similar strategy. The uACG-AGA mutant was obtained by site-directed mutagenesis of 5\'-UTR-IRES. T7 RNA polymerase in vitro transcription and purification on Spin-50 mini-column (USA Scientific) were used to obtain highly purified RNAs.

Purification of translation components and ribosomal subunits {#s4-2}
-------------------------------------------------------------

Native 40S subunits, eIF2, eIF3, eIF5B and rabbit aminoacyl-tRNA synthetases were prepared as previously described ([@bib47]). Recombinant eIF1 and eIF1A were purified according to a previously described protocol ([@bib35]). In vitro transcribed Met-tRNA~i~^Met^ was aminoacylated with methionine in the presence of rabbit aminoacyl-tRNA synthetases as previously described ([@bib49]).

Assembly of ribosomal complexes {#s4-3}
-------------------------------

To reconstitute different ribosomal complexes for toe-print assays, we incubated 0.3 pmol 5\'-UTR-IRES RNA with 1.8 pmol 40S subunits, 10 pmol eIF1, 10 pmol eIF1A, 10 pmol eIF2, 5 pmol eIF3, 5 pmol eIF5B, and 5 pmol Met-tRNA~i~^Met^, as indicated, in a 20 μL reaction mixture containing buffer A (20 mM Tris-HCl \[pH 7.5\], 100 mM KCl, 2.5 mM MgCl~2~ and 1 mM DTT) with 0.4 mM GTP and 0.4 mM ATP for 10 min at 37◦C. We analyzed the assembled ribosomal complexes via a toe-print assay, essentially as described by [@bib47]. For the sucrose density gradient experiment, we incubated \[^32^P\]-labelled 5\'-UTR-IRES or HCV-IRES RNAs co-transcriptionally with 3.7 pmol 40S subunits and 11 pmol eIF3, as indicated, in a 60 µL reaction mixture containing buffer A for 10 min at 37°C, subjected the samples to a 10--30% sucrose density gradient centrifugation, and analyzed the gradient fractions by radioactivity counting.

Cryo-EM sample preparation and data acquisition {#s4-4}
-----------------------------------------------

Aliquots of 3 μl of assembled ribosome complexes at a concentration range of 250--350 nM were incubated for 30 s on glow-discharged holey gold grids ([@bib54]) (UltrAuFoil R1.2/1.3). Grids were blotted for 2.5 s and flash cooled in liquid ethane using a FEI Vitrobot. Grids were transferred to a FEI Titan Krios microscope equipped with an energy filter (slits aperture 20 eV) and a Gatan K2 detector operated at 300 kV. Data were recorded in counting mode at a magnification of 130,000, corresponding to a calibrated pixel size of 1.08 Å. Defocus values ranged from 1 μm to 3.6 μm. Images were recorded in automatic mode using the Leginon ([@bib8]) and APPION ([@bib37]) software and frames were aligned using the Relion3 ([@bib77]) implementation of the Motioncor2 algorithm ([@bib76]).

Image processing and structure determination {#s4-5}
--------------------------------------------

Contrast transfer function parameters were estimated using GCTF ([@bib73]), and particle picking was performed using GAUTOMACH without the use of templates and with a diameter value of 260 pixels. All 2D and 3D classifications and refinements were performed using RELION. An initial 2D classification with a 4 times binned dataset identified all ribosome particles. A consensus reconstruction with all 40S particles was computed using the AutoRefine tool of RELION. Next, 3D classification without alignment (four classes, T parameter 4) identified a class with unambiguous density for eIF3. This class was independently refined, and further masked classification allowed the identification of two subclasses that are distinguishable by a different degree of 40S head swiveling and by the presence or absence of eIF3d density. Final refinements with unbinned data for the selected classes yielded high-resolution maps with density features in agreement with the reported resolution. Local resolution was computed with RESMAP ([@bib36]).

Model building and refinement {#s4-6}
-----------------------------

Models for the mammalian 40S and eIF3 docked into the maps using CHIMERA ([@bib48]) and COOT ([@bib11]) were used to adjust these initial models manually. 5\'-UTR-IRES was built manually using COOT. An initial round of refinement was performed in Phenix using real-space refinement ([@bib1]) with secondary structure restraints and a final step of reciprocal-space refinement with REFMAC ([@bib42]). The fit of the model to the map density was quantified using FSCaverage and Cref and model-to-maps over-fitting tests were performed following standard protocols in the field ([@bib7]; [@bib3]).

  --------------------------------------------------------------------------------------
  Cryo-EM data collection, refinement and validation statistics               
  --------------------------------------------------------------- ----------- ----------
  Data collection and processing                                              

  Magnification\                                                  130,000\    
  Voltage (kV)\                                                   300\        
  Electron exposure (e--/Å^2^)\                                   59.55\      
  Defocus range (μm)\                                             −1 /-- 3\   
  Pixel size (Å)\                                                 1.06\       
  Symmetry imposed\                                               C1\         
  Initial particle images (no.)                                   915,647     

  Final particle images (no.)                                     14,257      23,444

  Map resolution (Å)\                                             3.3\        3.3\
  FSC threshold                                                   0.143       0.143

  Map resolution range (Å)                                        3--8        3--8

  Refinement                                                                  

  Initial model used (PDB code)                                   5A2Q        5A2Q

  Model resolution (Å)\                                           3.6\        3.6\
  FSC threshold                                                   0.5         0.5

  Model resolution range (Å)                                      3.3--8      3.3--8

  Map sharpening *B* factor (Å^2^)                                −31.94      −43.41

  Model composition\                                              106,817\    109,684\
  Non-hydrogen atoms\                                             -           -
  Ligands                                                                     

  *B* factors (Å^2^)\                                             92.47\      96.5\
  Protein\                                                        114.1       117.4
  RNA                                                                         

  R.m.s. deviations\                                              0.014\      0.014\
  Bond lengths (Å)\                                               1.77        1.78
  Bond angles (°)                                                             

  Validation\                                                     2.12\       1.99\
  MolProbity score\                                               6.13\       4.92\
  Clashscore\                                                     1.62        1.39
  Poor rotamers (%)                                                           

  Ramachandran plot\                                              88.92\      90.25\
  Favored (%)\                                                    98.37\      98.50\
  Allowed (%)\                                                    1.63\       1.50\
  Disallowed (%)\                                                 0.18\       0.17\
  RNA validation\                                                 2.35\       2.25\
  Angles outliers (%)\                                            0.442       0.428
  Sugar puckers outliers (%)\                                                 
  Average suit                                                                
  --------------------------------------------------------------------------------------
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Atomic coordinates have been deposited in the PDB with accession numbers and 6W2S and 6W2T for the open and closed classes , respectively . CryoEM maps have been deposited at the EMDB with accession numbers EMDB 21529 and 21530 for the open and closed classes respectively.

The following datasets were generated:

NeupaneRPisarevaVPRodriguezCFPisarevAVFernándezIS2020CryoEM map open classElectron Microscopy Data BankEMD-21529

NeupaneRPisarevaVPRodriguezCFPisarevAVFernándezIS2020CryoEM map closed classElectron Microscopy Data BankEMD-21530

NeupaneRPisarevaVPRodriguezCFPisarevAVFernándezIS2020Structure of the Cricket Paralysis Virus 5-UTR IRES (CrPV 5-UTR-IRES) bound to the small ribosomal subunit in the open state (Class 1)RCSB Protein Data Bank6W2S

NeupaneRPisarevaVRodriguezCFPisarevAFernandezIS2020Structure of the Cricket Paralysis Virus 5-UTR IRES (CrPV 5-UTR-IRES) bound to the small ribosomal subunit in the closed state (Class 2)RCSB Protein Data Bank6W2T
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In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

**Acceptance summary:**

We anticipate that your novel and exciting structures of a viral IRES will be of broad interest because they show how this virus binds initiation factors and wraps around the head of the 40S ribosome to position AUG codons in or near the P-site. Your structures resolved three domains of the IRES making specific contacts with the eIF3 complex and the 40S ribosome; of theses, domain II of the IRES, in particular, engages eIF3 and the 40S subunit RACK1 -- explaining the atomic basis of this virus\' dependence on RACK1.

**Decision letter after peer review:**

Thank you for submitting your article \"A complex IRES at the 5\'-UTR of a viral mRNA assembles a functional 48S complex via an uAUG intermediate\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by John Kuriyan as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: and Andrei A Korostelev (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision as an integration of everyone\'s feedback to help you prepare a thoroughly revised submission.

Summary:

Neupane and Pisareva et al. report novel and exciting structural insights into vRNA IRES structures from the cricket paralysis virus in different stages of hijacking mammalian ribosomes and initiation factors -- and doing so in unexpected ways given prior publications (Gross et al., 2017). These authors utilize a biochemical reconstitution system based on rabbit reticulocyte lysates and purified components with multi-class cryo-EM to determine structures that suggest the CrPV 5\'-UTR-IRES is more intricate than the simple type III classification proposed earlier. Specifically, these authors determined two IRES-engaged 48S complex structures in both an \"open\" state (Class^-1^) and second \"closed\" state (Class-2). Three domains of the IRES (Domain I, II and III) were resolved making specific contacts with the 40S and with the multi-subunit factor eIF3. Of particular interest, the authors reveal domain II of the IRES engages eIF3 as well as critical contacts between the IRES and RACK1-explaining the atomic basis of this IRES\'s dependence on RACK1. They also discuss how this IRES from CrPV requires eIF1/eIF1A and ternary complex-mediated Met-tRNAi delivery to transition from an upstream AUG (uAUG) to a translation-ready assembly on the start codon-including a plausible reaction coordinate for 40S conformational remodeling, eIF3(d) recruitment, and TC-Met-tRNAi delivery.

The use of mammalian components to study a cricket virus, however, raises some questions and concerns. 5\'UTR IRESes are not conserved but rather highly divergent and can be quite specific for each virus. This IRES in the 5\' UTR may have play a role in defining, at least partially, host tropism. Ideally, an IRES should be studied in a biologically relevant context using the translational machinery and ribosomes from a natural host -- this is not the case with rabbit extracts and this discrepancy should be addressed prior to publication because it could explain a potential disagreement between the structural models and the toe-printing data.

Essential revisions:

1\) The complex was found to be assembled on an out-of-frame upstream AUG (in the P-site of the 40S, so the authors propose a novel IRES-mediated mechanism using an uAUG as an intermediate complex that is required to further assemble the ribosome on the genuine AUG start codon. In order to strengthen their model, the authors performed toe-printing assays that allowed the detection of a toe-print on the uAUG and another toe-print on the genuine AUG. However, the confusing presentation of this data suggests there may be a contradiction with their model that warrants further exploration. Specifically, in Figure 6A it is unclear if the toeprint corresponding to uAUG (lanes 2-5) reflects tRNA bound to uAUG? It is possible that this band corresponds to the 40S-IRES-eIF3 complex (featured in cryo-EM structures), while tRNA loading does not occur despite the presence of the ternary complex? A control lane (with 40S, IRES and eIF3, without TC), should help to test this point and clarify the mechanism. In the current figure, there appear to be two toe-prints at +17/18 from the uAUG and the genuine AUG, respectively. Are these the expected distances if the uAUG is located in the P-site of the ribosome? If the uAUG is located in the A-site, shouldn\'t the corresponding toe-print be detected at +13/14? Please clarify. Moreover, the appearance of the genuine AUG toe-print is not correlated with the disappearance of the uAUG toe-print, which seems to indicate that the two toe-prints are independent. The authors propose that the uAUG toe-print corresponds to an intermediate state prior genuine AUG recognition. According to the toe-printing data, this does not seem to be the case and suggest that the structures may not correspond with the functional data.

2\) To our knowledge, there is are no evidence in the literature that the uAUG is indeed required for this IRES to function, so the authors should mutate the uAUG and measure whether (i) the IRES is no longer active and (ii) whether both toe-prints disappear.

3\) A biochemical test for the proposed roles of the DIII non-canonical base pairs would also strengthen the manuscript. Do mutants in this region of the IRES alter the positioning of the single-stranded segment of the IRES harboring the uAUG-701, and thus alter the outcomes of the toe-printing assay?

4\) These authors show the 5\'UTR IRES interacting directly with eIF3. Since there are significant differences between rabbit eIF3 and eIF3 from insects, this could explain why eIF3 is positioned differently on the 40S when compared canonical 48S structures. Please address.

5\) The FSC 0.5 cut-off for the map-to-model correspondence appears to be notably worse than the half map 0.143 cut-off. The curve also has a very sharp drop-off toward zero, suggesting that the analysis was done with a low-pass filtered map or model? Also, please add a color legend for the refined B-factors.

6\) The structural models have high clash scores, many poor rotamers, and far too many disallowed Ramachandran angles. Is this evidence of overfitting to density or other forms inattention to model geometry? Are there regions of the model that should not have been modeled at this level of detail?

7\) The authors wrote \"Further assistance by eIF1 and eIF1A...\". But are there data suggesting such a step-wise IRES-dependent sequence of events? What data suggest that binding of eEF1 and eEF1A is excluded prior to binding of eIF3, IRES and/or delivery of tRNA? Perhaps eIF1 and/or eIF1A can be present prior to IRES and tRNA binding? Please discuss.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for submitting your article \"A complex IRES at the 5\'-UTR of a viral mRNA assembles a functional 48S complex via an uAUG intermediate\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, including Adam Frost as the Reviewing Editor and Reviewer \#1, and the evaluation has been overseen by John Kuriyan as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Andrei A Korostelev (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

We would like to draw your attention to changes in our revision policy that we have made in response to COVID-19 (https://elifesciences.org/articles/57162). Specifically, when editors judge that a submitted work as a whole belongs in *eLife* but that some conclusions require a modest amount of additional new data, as they do with your paper, we are asking that the manuscript be revised to either limit claims to those supported by data in hand, or to explicitly state that the relevant conclusions require additional supporting data. Our expectation is that the authors will eventually carry out the additional experiments and report on how they affect the relevant conclusions either in a preprint on bioRxiv or medRxiv, or if appropriate, as a Research Advance in *eLife*, either of which would be linked to the original paper.

Summary:

The novel and exciting structural insights into an IRES from the cricket paralysis virus reported in the revised study by Neupane and Pisareva et al. shows this viral RNA hijacking mammalian ribosomes and initiation factors-and doing so in unforeseen ways given prior publications (Gross et al., 2017). The authors utilized a biochemical reconstitution system based on rabbit reticulocyte lysates and purified components, with multi-class cryo-EM, to determine structures of an \"open\" and \"closed\" state of the 40S ribosome bound by the IRES and eIF3. Three domains of the IRES (Domain I, II and III) were resolved making specific contacts with the eIF3+40S assembly. Domain II of the IRES engages eIF3 and makes contacts between the IRES and RACK1-explaining the atomic basis of this IRES\'s dependence on RACK1.

Each reviewer was intrigued by these novel structures because they show the viral RNA wrapping around the head of the 40S ribosome to position AUG codons in or near the P-site. Each reviewer, however, also expressed concerns about the mechanistic interpretation of viral translation initiation suggested by these structures-especially the unclear role of the upstream start codon or uAUG. After extensive cross-review, the reviewers consolidated the following requests to address before acceptance.

Essential revisions:

1\) Interpretation of the uAUG\'s role and the toe-printing data

1a) The use of rabbit ribosomes and initiation factors to study an insect virus raised questions and concerns during the first round of review that the authors only partially addressed. One primary concern was that the possibility that the upstream AUG, or uAUG, may not be required for IRES function. The authors did not include a translational control-like reporter expression downstream of the IRES-which would enable functional evaluation of the role of the uAUG. This omission leaves open the possibility that the structures are of non-functional complexes that form in the absence of the ternary complex. The newly added controls show that mutation of the uAUG in the presence of the ternary complex, eIF2GTP+tRNAMeti, still leads to a robust toe-print on the bonafide AUG codon. All of the initiation factors under investigation here are present in cells-including eIF1, eIF1A, eIF3, the ternary complex, and eIF5B. The uAUG of the IRES, therefore, may not be not required for initiation in vivo even though in this system a stable toe-print forms in vitro. The authors should rewrite the description of their model, Discussion, sixth paragraph, to acknowledge these unresolved caveats and state clearly that the mechanism of initiation remains incompletely understood. Fully understanding initiation in this unusual setting (the staged roles of each initiation factor acting on the uAUG start-stop, followed by a genuine AUG start) will require further functional studies. Given the mismatch between host and virus, moreover (mammal versus insect), it is not clear that additional mechanistic experiments in the rabbit reticulocyte lysate context are worthwhile. To help explain this latter point, please include the percent similarity/identity between the rabbit and insect factors.

1b) The author\'s description and annotation of the location of uAUG and DIII in their structures (subsection "Non-canonical base pairing in the 5\'-UTR-IRES DIII places the uAUG codon near the P site") remain confusing. Please label the putative position of the uAUG in the middle panel of Figure 4C, along with the numbering for DIII, so it is clear to the reader where residue 701 could be. Since the uAUG bases themselves are not resolved in the map, the authors could highlight and label the final residue resolved in the P site or use a dotted line to schematically represented unresolved IRES bases to denote their putative positions.

1c) While the authors show that this IRES does not associate with the 40S without eIF3, the Figure 6 model figure shows \"40S capture\" rather than 40S+eIF3 capture-please fix.

1d) Also, in Figure 6, the 40S orientation changes too drastically between steps. It appears that the IRES and eIF3 jump between binding sites. Please fix the view of the 40S subunit view to help visualize conformational differences between the proposed initiation steps?

2\) Quality and reliability of the atomic models: Concerns about overfitting remain due to the map-to-model FSC curves, the number of poor rotamers, and disallowed Ramachandran angles. The authors make salient points about the challenges of model building in this resolution regime and with this degree of heterogeneity, but they could be more conservative. Since their cryoEM density is not at sufficient resolution to justify clashes or bad geometry, we recommend \"stumping\" the residues/bases in question to the backbone to remove unsupported model features. In addition, the authors built their models using uniformly sharpened maps, despite the heterogeneous resolution. The models may improve, and their correspondence with the EM density may also improve, if the maps are first filtered and sharpened according to local resolution estimates. Locally filtered and sharpened maps may be better for modeling both high-resolution and low-resolution regions. Also, map-to-model FSC tests can certainly employ masks, but not low-pass filtered maps or models. Relion\'s default mode postprocessed maps are sharpened and low-pass filtered according to the global FSC. Please repeat map-model correspondence tests with unsharpened, unfiltered maps. There are many ways of generating such plots. Phenix.real_space_refine tools, for example, employ the unfiltered and unsharpened half-maps during model refinement and map-to-model correspondence tests. Finally, the table should include protein and RNA statistics-RNA statistics are currently missing.

10.7554/eLife.54575.sa2

Author response

> Summary:
>
> Neupane and Pisareva et al. report novel and exciting structural insights into vRNA IRES structures from the cricket paralysis virus in different stages of hijacking mammalian ribosomes and initiation factors -- and doing so in unexpected ways given prior publications (Gross et al., 2017). These authors utilize a biochemical reconstitution system based on rabbit reticulocyte lysates and purified components with multi-class cryo-EM to determine structures that suggest the CrPV 5\'-UTR-IRES is more intricate than the simple type III classification proposed earlier. Specifically, these authors determined two IRES-engaged 48S complex structures in both an \"open\" state (Class^-1^) and second \"closed\" state (Class-2). Three domains of the IRES (Domain I, II and III) were resolved making specific contacts with the 40S and with the multi-subunit factor eIF3. Of particular interest, the authors reveal domain II of the IRES engages eIF3 as well as critical contacts between the IRES and RACK1-explaining the atomic basis of this IRES\'s dependence on RACK1. They also discuss how this IRES from CrPV requires eIF1/eIF1A and ternary complex-mediated Met-tRNAi delivery to transition from an upstream AUG (uAUG) to a translation-ready assembly on the start codon-including a plausible reaction coordinate for 40S conformational remodeling, eIF3(d) recruitment, and TC-Met-tRNAi delivery.
>
> The use of mammalian components to study a cricket virus, however, raises some questions and concerns. 5\'UTR IRESes are not conserved but rather highly divergent and can be quite specific for each virus. This IRES in the 5\' UTR may have play a role in defining, at least partially, host tropism. Ideally, an IRES should be studied in a biologically relevant context using the translational machinery and ribosomes from a natural host -- this is not the case with rabbit extracts and this discrepancy should be addressed prior to publication because it could explain a potential disagreement between the structural models and the toe-printing data.

We certainly understand this concern and from a purely biologically point of view, yes, we agree the best scenario would be to study an IRES in the context of ribosomes from their own host. However, one of the aspects that makes the biology of IRESs so interesting is their ability to operate in a wide range of hosts and indeed such capability has been exploited for biotechnological applications. Two prototypical, widely studied IRESs, the IRES of the intergenic region of *Dicistroviruses* as well as the EMCV IRES, can manipulate ribosomes from different hosts and this capability has been exploited for gene expression regulation in multiple applications. With that in mind, we decided to explore the possibility the 5\'-UTR-IRES of the CrPV would indeed function with mammalian components. Such strategy offers two advantages: on one side we will prove this IRES does not exclusively work in insects and second, and perhaps more importantly, we benefit from the solid knowledge both structural and biochemical, available for the mammalian system. There are dozens of high-resolution structures of mammalian ribosomes in several, biologically relevant configuration as well as a wealth of biochemistry and molecular biology data. All this knowledge is not available for the insect system.

Additionally, the ribosomal and eIF3 components the 5\'-UTR-IRES interact with are highly conserved. Ribosomal protein uS17 or the core subunits of eIF3 are almost identical between insects and mammals, what argues against a \"species\" specific IRES. The final argument to prove the validity of our approach is the fact that toe-print experiments with mammalian components showed a very robust and selective delivery of initiator tRNA to 40S/5\'-UTR-IRES/eIF3 complexes. This very specific and precise experiment will never work if the 5\'-UTR-IRES do not manipulate mammalian 40S and eIF3 in a very specific way.

> Essential revisions:
>
> 1\) The complex was found to be assembled on an out-of-frame upstream AUG (in the P-site of the 40S, so the authors propose a novel IRES-mediated mechanism using an uAUG as an intermediate complex that is required to further assemble the ribosome on the genuine AUG start codon. In order to strengthen their model, the authors performed toe-printing assays that allowed the detection of a toe-print on the uAUG and another toe-print on the genuine AUG. However, the confusing presentation of this data suggests there may be a contradiction with their model that warrants further exploration. Specifically, in Figure 6A it is unclear if the toeprint corresponding to uAUG (lanes 2-5) reflects tRNA bound to uAUG? It is possible that this band corresponds to the 40S-IRES-eIF3 complex (featured in cryo-EM structures), while tRNA loading does not occur despite the presence of the ternary complex? A control lane (with 40S, IRES and eIF3, without TC), should help to test this point and clarify the mechanism. In the current figure, there appear to be two toe-prints at +17/18 from the uAUG and the genuine AUG, respectively. Are these the expected distances if the uAUG is located in the P-site of the ribosome? If the uAUG is located in the A-site, shouldn\'t the corresponding toe-print be detected at +13/14? Please clarify. Moreover, the appearance of the genuine AUG toe-print is not correlated with the disappearance of the uAUG toe-print, which seems to indicate that the two toe-prints are independent. The authors propose that the uAUG toe-print corresponds to an intermediate state prior genuine AUG recognition. According to the toe-printing data, this does not seem to be the case and suggest that the structures may not correspond with the functional data.

We appreciate the reviewer\'s concern about the explanation of these results. Toe-printing experiments are difficult to understand, and a better explanation is needed here. We completely rewrote the section where these experiments are described, citing Skabkin et al.paper. We hope the experiments, which show robust, unambiguous results, could be interpreted better now, especially by the reader not familiarized with this kind of data.

Toe-print signals can only be identified if the ribosome is solidly anchored to the mRNA. This will stop the reverse polymerase. No toe-print signal around any of the AUG codons could be observed for the 5\'-UTR-IRES alone, 40S/5\'-UTR-IRES complex or the 40S/5\'-UTR-IRES/eIF3 complex which was characterized structurally by cryoEM. These controls were very clear and are now included in a supplementary figure (Figure 6---figure supplement 1). Second, there are two clear toe-print signals arising from the delivery of initiator Met-tRNA~i~^Met^ to the P site of the ribosome. Both eIF2 and eIF5B can only deliver Met-tRNA~i~^Met^ to the P site of the 40S, where they establish specific interaction and are able to stabilize the Met-tRNA~i~^Met^ in a solid conformation able to generate a toe-print. If this tRNA/mRNA/ribosome interaction is not solid, the reverse polymerase is able to disassemble the weak complex, keeping elongating and no toe-print signal could be observed. That is the case for Figure 6A lane 1: Met-tRNA~i~^Met^ by itself is unable to find the right ribosomal context so it can\'t establish interactions with the mRNA/40S stable enough to generate a toe-print around the AUGs. It is well known that P site toe-prints generate signals 15-17 nucleotides downstream due to that is the length of mRNA covered by the 40S. In our experiments, we see two toe-prints exactly 15/17 nucleotides away from the uAUG or the annotated AUG, what makes the interpretation of the results unambiguous. No Met-tRNA~i~^Met^ has ever been described to be able to generate a toe-print at 13/14 due to it is pausing the ribosome in the A site.

Band intensity in toe-print experiments are not quantitative, they do not reflect a total amount of radioactivity present in the assay, specially, when we compare experiments with different components like lanes 2-5 in Figure 6A. The main point we want to clarify with these toe-print experiments is how the 5\'-UTR-IRES is able to direct by itself Met-tRNA~i~^Met^ to the P site of the 40S. This delivery event is very specific and only takes place in very determined cellular conditions, normally associated with covalently modified messengers (\"capped mRNAs\") and the initiator factors of the eIF4 family, absent here. The fact that 5\'-UTR-IRES, in conjunction only with eIF2 or eIF5B can generate, solid, robust toe-print signals on AUGs is remarkable, and can only happen due to the ability of this RNA sequence to specifically manipulate 40S and initiation factors. Importantly, this IRES operate in a cellular environment where general translation has been shut off due to phosphorylation of eIF2alpha. In this context, eIF5B can substitute eIF2 in Met-tRNA~i~^Met^ delivery, however, how can that happen is not fully understood. In our experiments, we can only see delivery of Met-tRNA~i~^Met^ by eIF5B to the uAUG (Figure 6A lane 4). This delivery is less efficient when eIF1/eIF1A are present (Figure 6A lane 5). eIF2 also delivers Met-tRNA~i~^Met^ to the uAUG in isolation but, in contrast to eIF5B, in the presence of eIF1/eIF1A it can find both, the uAUG and the annotated AUG, both with more efficiency as judged by the toe-print intensity than the recognition of uAUG in isolation. This represent only part of the truth as all these factors act in vivo in conjunction and with others. We believe these results indicate a dynamic interplay between different initiation factors able to deliver the initiator tRNA to different but physically close AUG codons, and such dynamisms could be essential for an efficient initiation in a cellular context where cellular and viral messages compete for ribosomal access.

We do feel that the fact that two different initiation factors can deliver Met-tRNA~i~^Met^ to this mRNA is remarkable but clearly, more experiments are needed to fully understand this mechanism.

> 2\) To our knowledge, there is are no evidence in the literature that the uAUG is indeed required for this IRES to function, so the authors should mutate the uAUG and measure whether (i) the IRES is no longer active and (ii) whether both toe-prints disappear.

As we discussed above, there are several factors to have in mind regarding the importance of the uAUG and start-stop configuration that precedes the annotated AUG. We indeed mutate this codon to ACG (new supplementary Figure 6---figure supplement 1B) and, as expected, the delivery of Met-tRNA~i~^Met^ to uAUG by eIF2 and eIF1/eIF1A is abolished, while the delivery to the annotated AUG is maintained (Figure 6---figure supplement 1B, right lane). However, we are skeptical regarding the importance of this. As noted above, in a cellular environment where eIF2 is not available due to phosphorylation of its alpha subunit, only eIF5B has been reported to substitute eIF2 in Met-tRNA~i~^Met^ delivery. Thus, in a biologically relevant situation this mutation will probably abolish initiation mediated by the 5\'-UTR-IRES.

> 3\) A biochemical test for the proposed roles of the DIII non-canonical base pairs would also strengthen the manuscript. Do mutants in this region of the IRES alter the positioning of the single-stranded segment of the IRES harboring the uAUG-701, and thus alter the outcomes of the toe-printing assay?

Unfortunately, we are unable to generate these mutants and test them by toe-print in the time frame expected for the return of this reviewed version. We strongly believe this mutation will be deleterious for the activity of the IRES as they would radically change the local architecture of the IRES at a critical region.

> 4\) These authors show the 5\'UTR IRES interacting directly with eIF3. Since there are significant differences between rabbit eIF3 and eIF3 from insects, this could explain why eIF3 is positioned differently on the 40S when compared canonical 48S structures. Please address.

In our maps and derived models, eIF3 exhibit a positioning respect the 40S very similar to the position described for the canonical 48S complex (Figure 3D). The 5\'-UTR-IRES seems to exploit cavities present in the 48S canonical complex to interact with the 40S-facing area of eIF3. In any case, there are two arguments that convince us the interaction of the 5\'-UTR-IRES with the mammalian versus insect eIF3 should be similar: on one side, the interaction of DII of 5\'-UTR-IRES with the back of the 40S and eIF3 is peripherical, with very limited contacts between DII and eIF3, mediated by contacts with the phosphate backbone of the IRES and not with specific bases. On the other hand, and perhaps more importantly, eIF3 core subunits a and c (that form the area hosting the bulk of interactions with 5\'-UTR-IRES DII) are highly conserved, as it is ribosomal protein uS17 at the back of the 40S.

> 5\) The FSC 0.5 cut-off for the map-to-model correspondence appears to be notably worse than the half map 0.143 cut-off. The curve also has a very sharp drop-off toward zero, suggesting that the analysis was done with a low-pass filtered map or model? Also, please add a color legend for the refined B-factors.

We understand the concern regarding the discrepancy between the model-vs.-map FSC 0.5 cut-off and half-map 0.143 cut-off as they are indeed not as close as they should be for this resolution. The explanation is related to the wide heterogeneity of the map, even after classification. The map exhibits very good quality at the 40S body and some areas of the 40S head, some areas of the IRES and the regions of the eIF3 in contact with the 40S. Poor density could however be observed in the regions of eIF3 away from the 40S and some segments of the IRES exposed to the solvent. In such scenario, current protocols of model refinement in cryoEM maps are far from ideal. We monitored the weight applied to the geometry term in the final step of the model refinement (using REFMAC) in order to apply as less as possible provided the model was not overfitted. It turned out that due to the areas of the map with severe flexibility, we had to keep the geometry term quite low in order to avoid overfitting, in our opinion a more severe problem that a discrepancy between the model-vs.-map FSC 0.5 cut-off and half-map 0.143 cut-off.

In the model validation FSC (Figure 1---figure supplement 2B and F, black curve) it was used the final, post-processed masked, map which was the same one used for model refinement. The masking artifact explain the drastic fall to zero. Due to this is the final map used for model building and refinement, we feel this is the one that should be used for the FSC calculation.

We appreciate the suggestion of adding labels for the model B-factor scale. These labels have been added.

> 6\) The structural models have high clash scores, many poor rotamers, and far too many disallowed Ramachandran angles. Is this evidence of overfitting to density or other forms inattention to model geometry? Are there regions of the model that should not have been modeled at this level of detail?

As described in the previous point, the heterogeneity of the map imposed strict limitations on the model refinement strategies. We opted for a conservative approach, considering the avoiding of overfitting of the model to the map the most important objective. We performed 10 different model refinement runs for the two maps, adjusting the geometry-versus-map-fit (matrix keyword in REFMAC) and subsequently calculating a model \"shake\" and half map 1 refinement overfitting test. The final matrix value chose was the highest one that exhibited no overfitting. As shown by the overlapping of the red and blue curves of Figure 1---figure supplement 2B and F, both models are not overfitted.

Regarding the Ramachandran outliers, we consider these values reasonable given the resolution and when compared with other ribosome models at similar resolution both by cryoEM or X-ray crystallography. REFMAC does not implement Ramachandran restrains in its reciprocal-space refinement protocol, due to that could lead to artificially low Ramachandran outliers percentage. We believe this approach is best suited for the current state of the field instead of trying to obtain a 0% Ramachandran outliers score, unrealistic given this resolution and map heterogeneity.

> 7\) The authors wrote \"Further assistance by eIF1 and eIF1A...\". But are there data suggesting such a step-wise IRES-dependent sequence of events? What data suggest that binding of eEF1 and eEF1A is excluded prior to binding of eIF3, IRES and/or delivery of tRNA? Perhaps eIF1 and/or eIF1A can be present prior to IRES and tRNA binding? Please discuss.

We have indeed no evidence for the sequential recruitment of eIF1/eIF1A after TC recruitment. We have modified our proposed model to reflect this fact, including Figure 6.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

> Essential revisions:
>
> 1\) Interpretation of the uAUG\'s role and the toe-printing data
>
> 1a) The use of rabbit ribosomes and initiation factors to study an insect virus raised questions and concerns during the first round of review that the authors only partially addressed. One primary concern was that the possibility that the upstream AUG, or uAUG, may not be required for IRES function. The authors did not include a translational control-like reporter expression downstream of the IRES-which would enable functional evaluation of the role of the uAUG. This omission leaves open the possibility that the structures are of non-functional complexes that form in the absence of the ternary complex.

We respectfully disagree with this concern. Every IRES need to first and foremost interact with the ribosomal subunits before any aminoacyl-tRNA is delivered. One of the most essential features of any IRES is its ability to capture ribosomal subunits in isolation or in combination with initiation factors. The best characterized IRESs (the IGR-IRES of the CrPV and HCV IRES) are both able to interact with the 40S and/or 80S in the absence of the TC. This is so because it is compulsory for these RNAs to first, bind and hijack the ribosomal subunits and only afterwards, recruit a tRNA delivery system either from initiation (eIF2/eIF5B) or from elongation (eEF2/eEF2A). Thus, the sentence:

"This omission leaves open the possibility that the structures are of non-functional complexes that form in the absence of the ternary complex." in our opinion, is highly misleading, especially for the non-specialized reader, as it suggests that the interaction of the IRES with the 40S in the absence of the ternary complex could be interpreted as an "artifact" when in fact is an essential, biologically relevant step in IRES biology.

> The newly added controls show that mutation of the uAUG in the presence of the ternary complex, eIF2GTP+tRNAMeti, still leads to a robust toe-print on the bonafide AUG codon. All of the initiation factors under investigation here are present in cells-including eIF1, eIF1A, eIF3, the ternary complex, and eIF5B. The uAUG of the IRES, therefore, may not be not required for initiation in vivo even though in this system a stable toe-print forms in vitro.

We consider this statement as an oversimplification given two facts: first, we disagree with the conclusion that due to the mutation of uAUG does not abolish the delivery of Met-tRNA~i~^Met^ to the bona-fide AUG codon by eIF2, uAUG is not required for initiation in vivo. In physiological conditions, if a cell is infected by a virus, it is well established that the availability of eIF2 is highly diminished. Phosphorylation of eIF2-alpha, caused by the antiviral response of the cell, blocks the delivery of Met-tRNA~i~^Met^ by eIF2. Then, how viral proteins initiate under these conditions? The most probable candidate to substitute eIF2 in Met-tRNA~i~^Met^ delivery is eIF5B and eIF5B, as our toe-prints clearly show, ONLY delivers Met-tRNA~i~^Met^ to the uAUG. Secondly, the uAUG is part of a start-stop configuration which means that perhaps re-initiation events mediated by release factors could be critical for sustained levels of translation initiation in infected cell. We agree with reviewers that more experiments, probably in vivo, are required to understand how this peculiar initiation happens, but we believe that ruling out a significant role for the uAUG, just because its mutation does not abolish the recognition of the bone-fide AUG by eIF2, seems premature.

> The authors should rewrite the description of their model, Discussion, sixth paragraph, to acknowledge these unresolved caveats and state clearly that the mechanism of initiation remains incompletely understood. Fully understanding initiation in this unusual setting (the staged roles of each initiation factor acting on the uAUG start-stop, followed by a genuine AUG start) will require further functional studies.

We totally agree with this conclusion and we hope this study will inspire experiments directed towards the understanding of the role of uAUGs, eIF5B and the start-stop configuration in cellular and viral messengers. In order to reflect this, we have modified the text with the following sentence:

"However, these considerations are highly speculative, as the particular role the uAUG exerts in Met-tRNA~i~^Met^ recruitment or more generally, its involvement in initiation of viral messengers remains enigmatic. A comprehensive understanding of the role of uAUG and the start-stop configuration will demand further studies, ideally in vivo."

> Given the mismatch between host and virus, moreover (mammal versus insect), it is not clear that additional mechanistic experiments in the rabbit reticulocyte lysate context are worthwhile. To help explain this latter point, please include the percent similarity/identity between the rabbit and insect factors.

identity/similarity (%)\
(*Drosophila*/mammals)eIF2alpha:57/74beta:74/83gamma:82/88eIF5B:71/85eIF3a:46/63eIF3c:51/66

We have supplemented the manuscript with this comparative analysis.

> 1b) The author\'s description and annotation of the location of uAUG and DIII in their structures (subsection "Non-canonical base pairing in the 5\'-UTR-IRES DIII places the uAUG codon near the P site") remain confusing. Please label the putative position of the uAUG in the middle panel of Figure 4C, along with the numbering for DIII, so it is clear to the reader where residue 701 could be. Since the uAUG bases themselves are not resolved in the map, the authors could highlight and label the final residue resolved in the P site or use a dotted line to schematically represented unresolved IRES bases to denote their putative positions.

We followed the reviewer's advice in modifying Figure 4C to include labels for the last residue of the IRES seen in density (C695) as well as, using as guide the mRNA trajectory from known structures, we now indicate with a dotted line the putative placement of the segment of viral mRNA harboring the uAUG.

> 1c) While the authors show that this IRES does not associate with the 40S without eIF3, the Figure 6 model figure shows \"40S capture\" rather than 40S+eIF3 capture-please fix.

We have eliminated this step from the figure and modified the orientation of the complexes to facilitate its viewing. We have also added labels for the IRES domains to allow a better perception of the transitions.

> 1d) Also, in Figure 6, the 40S orientation changes too drastically between steps. It appears that the IRES and eIF3 jump between binding sites. Please fix the view of the 40S subunit view to help visualize conformational differences between the proposed initiation steps?

These modifications have been introduced. See above.

> 2\) Quality and reliability of the atomic models: Concerns about overfitting remain due to the map-to-model FSC curves, the number of poor rotamers, and disallowed Ramachandran angles. The authors make salient points about the challenges of model building in this resolution regime and with this degree of heterogeneity, but they could be more conservative. Since their cryoEM density is not at sufficient resolution to justify clashes or bad geometry, we recommend \"stumping\" the residues/bases in question to the backbone to remove unsupported model features. In addition, the authors built their models using uniformly sharpened maps, despite the heterogeneous resolution. The models may improve, and their correspondence with the EM density may also improve, if the maps are first filtered and sharpened according to local resolution estimates. Locally filtered and sharpened maps may be better for modeling both high-resolution and low-resolution regions.

We greatly value reviewers\' input in this area. After, careful reading of previous concerns we have realized there were some mistakes in the values reported in the table summarizing cryoEM data. We have updated these values which are now correct, reflecting better statistics.

We started the model building and initial refinement in real space with locally refined maps using masks for the 40S-head-IRES-DI and 40S-head-IRES-DII as the reviewer suggests. These masked maps, as shown in Figure 1---figure supplement 2, locally improved the density allowing a more uniform post-processing. These local masked maps are now uploaded in the EMDB deposition.

However, we believe that the "real" final model should be refined against the final, whole map, especially in the reciprocal-space step when we use Refmac. This step allows for a realistic computation of B-factors in reciprocal space which, as shown in Figure 1---figure supplement 2, reflect accurately the variability of the maps seen by local resolution calculations. We believe this information is valuable for the specialized reader, who can quickly from these diagrams identify which regions of the maps/model are more trustable and which ones should be considered cautiously.

Our models are clearly not over-fitted. We performed a rigorous over-fitting test by refining against half-map-1 a "shake" model. The FSC curves between this re-refined model against half-map-1 and against half-map-2 (not included in the refinement) clearly overlap for both classes, what unambiguously demonstrates that our models are not over-fitted (over-fitting test described in: Amunts et al., 2014 and Brown, et al., 2015).

> Also, map-to-model FSC tests can certainly employ masks, but not low-pass filtered maps or models. Relion\'s default mode postprocessed maps are sharpened and low-pass filtered according to the global FSC. Please repeat map-model correspondence tests with unsharpened, unfiltered maps. There are many ways of generating such plots. Phenix.real_space_refine tools, for example, employ the unfiltered and unsharpened half-maps during model refinement and map-to-model correspondence tests. Finally, the table should include protein and RNA statistics-RNA statistics are currently missing.

We have update the FSC for these graphs using non-filtered unsharpened maps in Figure 1---figure supplement 2.

[^1]: These authors contributed equally to this work.
